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We report on the first (p, p γ ) experiments at E p = 80 MeV to investigate the Pygmy Dipole Resonance (PDR) in the semi-magic nucleus 140 Ce. This experiment is the latest in a series of experiments to investigate the PDR with different complementary probes to provide a multi-messenger data set on the properties of the PDR in 140 Ce. In addition, calculations within the Quasi-particle Phonon Model (QPM) have been performed. Cross sections have been calculated for proton-as well as α-scattering reactions based on the transition densities obtained from the QPM, not only at the RPA level, but including the full model space of up to 3p-3h configurations. This allows for the first time to compare the calculations to the experimental results on an absolute scale for single excitations. Agreement between QPM and experiment is observed, which proves the high accuracy of the calculated transition densities for individual PDR states. The experimental investigation of the same phenomenon using different complementary observables can be the clue to understand its basic nature and to verify the theoretical modelling. A recent example in the field of astrophysics is the simultaneous observation of gravitational as well as electromagnetic signals from the same astrophysical event, which allowed to identify a binary neutron star merger followed by a γ -ray burst as the common source [1] . In this letter we present a multi-messenger investigation of a nuclear excitation mode, the so-called Pygmy Dipole Resonance [2, 3] , which is currently of high interest in the field of nuclear physics. Complementary observables are extracted from different experiments using a combination of hadronic and electromagnetic probes and are compared to corresponding results from a microscopic model calculation. This provides a comprehensive test of the quality of the theoretical model.
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A microscopic understanding and experimental investigation of the PDR is not only interesting from a nuclear structure point of view but important for applications in related fields as well. The PDR and the low-lying E1 strength in general has consequences on reaction rates in nuclear astrophysics calculations of the synthesis of the heavy elements [4] [5] [6] [7] due to its location at lower excitation energies. It is directly linked to radiative strength functions which are one of the main ingredients within the statistical model. Understanding the low-lying E1 strength in atomic nuclei is therefore important for the reliability of calculations making use of codes such as TALYS [8] or EMPIRE [9] , which are for example also used in the design of the next-generation nuclear power plants [10] and the transmutation of nuclear waste [11, 12] . Since the reactions in astrophysical scenarios often involve very neutron-rich (unstable) nuclei, where the PDR is expected to be strongly enhanced, a reliable extrapolation to exotic nuclei within microscopic calculations is needed. Therefore, an extensive test of various properties of the PDR in modern microscopic calculations is mandatory. Another aspect further stimulating the investigation of low-lying E1 strength is its connection to isovector properties of the equation of state (EoS) of nuclear matter via the dipole polarisability [13] [14] [15] [16] . Using this link, parameters in the asymmetry-dependent part of the EoS can be extracted, which are only insufficiently constrained by other experimental observables but are important to calculate for example the properties of neutron stars [17, 18] . The connection of the E1 strength to the EoS is done within microscopic model calculations. A comprehensive test of microscopic models using multiple observables is therefore also important for this application.
A basic approach to study the structure of excitations is to investigate the response to external fields, i.e. scattering experiments in nuclear physics. In this letter we report on a systematic investigation of the PDR in 140 Ce using different probes, which allows to test various aspects of the wave functions of the involved excitations. The latest experiment uses the (p, p γ ) reaction and is presented here for the first time. The experiments are accompanied by calculations within the Quasi-particle Phonon Model (QPM) [19] . Previously we have reported on the reproduction of the fragmentation of the E1 strength in QPM calculations [20, 21] . In the present work we have used the transition densities from the QPM to calculate (α, α ) as well as (p, p ) inelastic scattering cross sections with the full set of excitations, thus allowing to compare the calculations with experiment on a quantitative level for the first time.
Experimentally, the PDR has mainly been studied by measuring the photo-absorption cross sections which is dominated by the electric dipole (E1) response of (spherical) nuclei, either by realphoton induced reactions [22] [23] [24] [25] [26] [27] [28] 7, 29] or Coulomb excitation in normal [30] [31] [32] and inverse [33] [34] [35] kinematics. The latter gives access to investigate the PDR in neutron rich unstable isotopes, such as 68 Ni, where recently the dipole polarisability has been measured [35] . For a more complete summary of available experimental results on the PDR see [2] . First experiments using a complementary probe to photons revealed a structural splitting of the low-lying E1 strength in a number of nuclei by the (α, α γ ) reaction [36] [37] [38] [39] [40] [41] . Combining these results with microscopic calculations has finally allowed to identify the structure of the low-lying part of the PDR as the oscillation of excess neutrons at the surface of the nucleus [42] . Experiments using the ( 17 O, 17 O γ ) reaction have confirmed the observed splitting [43] [44] [45] [46] recently. This shows how combining different experimental approaches helps to pin down the structure of nuclear excitations. In this letter, we present first (p, p γ ) experiments at E p = 80 MeV, which provides further experimental information on the PDR in 140 Ce.
The 140 Ce(p, p γ ) experiment was performed at the KVI in Groningen, the Netherlands. The proton beam with an average current of 0.6 nA was delivered by the AGOR super-conducting K600 cyclotron. Protons with a kinetic energy of 80 MeV impinged on a highly enriched (99.72%) metallic 140 Ce target with a thickness of 20 mg/cm 2 . The Big-Bite Spectrometer (BBS) [47] positioned at 5.6 • relative to the beam axis was used in combination with the EuroSuperNova (ESN) detection system [48] for the detection of the scattered protons. Two parallel vertical-drift chambers (VDCs) are utilized to reconstruct the trajectories of the incoming particles. In addition, two plastic scintillator detectors are located behind the VDCs. The first scintillator detector is used as a particle trigger to implement the hardware coincidence between the BBS and the HPGe detectors which reduces the dead time of the system. A solid angle of 9.2 msr was covered by the spectrometer and the excitation energy resolution amounted to 217(1) keV at E x = 1.6 MeV.
The emitted γ -rays were detected by an array of eight HPGe detectors placed around the target chamber and providing in total a photo-peak efficiency of 0.467(7)% at 1.2 MeV. A more detailed description of the coincidence setup at the Big-Bite Spectrometer can be found in [49] . The acquired listmode data were sorted into p-γ coincidence matrices (see upper part of Fig. 1 ) containing the correlated information of the excitation energy (E X ) and γ -ray energy (E γ ). The nuclear excitation energy was determined by the energy loss of the scattered protons. We refer to the analogue technique used for (α, α γ ) described in [37, 39] for a detailed description of the single analysis steps and only give a brief outline here. Ground-state γ -ray transitions of excited states can be selected by setting energy gates, E x ≈ E γ , for the projections on the axes. This selection yields a sensitivity to J π = 1 − excited states due to their allowed E1 transition to the ground state. The resulting projected γ -ray spectrum summed over all HPGe detectors is shown in the lower part of Fig. 1 . The γ angular distribution is sensitive to the multipole character of the transition as shown in [37, 39] . The statistics for single HPGe detectors in the present experiment was not sufficient for a quantitative analysis of the angular distribution in most cases. Thus, the identification is performed by the comparison to the Nuclear Resonance Fluorescence (NRF) data for which spin and parity have been determined unambiguously [50, 51, 28] .
Excitation cross sections for the individual states are extracted from the intensities in the spectra by accounting for the p-γ angular correlation following the analysis presented in [37, 39] . The same branching ratio 0 / for the single states as in the analysis of the NRF experiments was taken into account ( 0 / = 1 in most cases). The resulting cross sections are shown in Fig. 2 together with the data from the previous experiments on 140 Ce and the results of the QPM calculations. Uncertainties of the present results are in the region of 10-20% in most cases. [36] and the NRF reaction [52, 53] . The solid lines in panel a) and b) represent the sensitivity limit of the experiments. The lowest panel shows the measured averaged branching ratio to the first excited state as published in [28] . In the right column, the corresponding calculations within the QPM model are shown. For more details see text.
Calculations have been performed with the QPM wave functions from [21] . They have been obtained by diagonalization of the model Hamiltonian on the basis of interactive one-, two-, and three-phonon configurations. Two-and three-phonon configurations were built up from the phonons with the multipolarities from 1 ± to 9 ± and were cut above 8.5 MeV. In total we have 1157 1 − states below this energy cut. The 140 Ce(p, p ) and 140 Ce(α, α ) cross sections have been calculated for all of them. The (p, p ) cross sections have been computed within the DWBA (distorted-wave Born approximation) employing the DWBA07 code [54] . The effective N N-interaction of Love-Franey [55, 56] has been used as input to calculate both the optical potential and transition amplitudes. The cross sections have been averaged over the scattering angle θ = 3.3 • -7.9 • in accordance with the acceptance angle of the BBS. They exhibit a smooth dependence on θ and drop by 35% from the smaller to the larger angle.
The (α, α ) cross section have been calculated within a semiclassical coupled-channel model described in [57] [58] [59] . The radial form factors were calculated by a double folding procedure with the transition densities provided by the QPM and using a M3Y nucleon-nucleon (N N) interaction [60] . For the real part of the optical potential the double-folding procedure has been used with the QPM ground-state density for 140 Ce and the one given in [61] for the alpha particle. The imaginary part is taken with the same geometry of the real part with half of the strength. The cross sections are then obtained by integrating the inelastic probability amplitude for each dipole state over the range of impact parameters that lead to the scattered projectile in the measured angular range.
The mechanism of the electromagnetic excitation in the photoabsorption reaction is well known. For the excitation of 1 − states it is of isovector nature. Protons and α-particles interact with the target nuclei by means of the Coulomb-and N N-terms. The for- mer is proportional to the electromagnetic transition. The latter is predominantly of isoscalar nature at the present kinematics in both (p, p ) and (α, α ) reactions, although some admixture of the isovector part is also present.
To investigate the role of the above-mentioned terms for the hadronic projectiles, the cross section calculations for both reactions have been repeated for each term separately. Corresponding results are presented in the upper two rows of Fig. 3 as "Nuclear" and "Coulomb" in comparison to the complete calculation "Total".
For both, proton as well as α scattering, the nuclear part is dominant for the excitation of the low-energy part of the PDR and yields large cross sections. This signature is related to transition densities with a strong neutron contribution on the surface whereas in the inner regions protons and neutrons are in phase, a structure that is usually associated with the isoscalar nature of the PDR. While this combination of transition densities leads to large cross sections in the nuclear component, it results in rather small B(E1) values and consequently small Coulomb excitation cross sections.
At higher energies the common structure changes towards more isovector components and, thus, larger Coulomb contributions. The amplitudes due to the Coulomb-and N N-terms become rather close in value and the interference effects between them begin to play an important role. It is interesting to note that even though the transition densities of individual states partly seem to look very different, they share the above-described common underlying features, which result in similar cross sections and this common energy dependence in the response function. Fig. 2 summarizes the results of all experiments (left column) and the QPM calculation (right column) for 140 Ce. Besides the total cross sections for α, proton and photon scattering mentioned so far also the averaged decay branching ratio to the first-excited 2 + 1 state is shown in Fig. 2d as presented in [28] . Each row in Fig. 2 represents the comparison of experimental results with the QPM calculation with respect to a different observable, each of which is sensitive to different aspects of the wave function. The α scattering cross section is sensitive to the isoscalar component of the excited states and is enhanced by surface contributions. Therefore, the large (α, α ) cross section for the lower lying group of 1 − states can be identified as a signature of oscillating excess neutrons at the surface of the nucleus [42] . For protons this selectivity is less distinct as inelastic proton scattering is also sensitive to isovector components and the surface peaked interaction is less pronounced. Compared to α scattering the excitation cross sections for the single excitations are smaller by a factor of about 10, which is well reproduced by the QPM. Photons, on the other hand, are in the case of E1 transitions sensitive to the isovector part and interact with the nucleus as a whole. The large cross sections in the QPM calculation for states around and above 7 MeV compared to the 5-6 MeV region show the increased isovector character of these excitations, forming a transitional region towards the IVGDR at higher energies. The decay intensity of the involved 1 − states to the first-excited 2 + 1 state is connected to the mixing of the PDR built on the ground state to the PDR built on the first-excited state [2 + 1 × PDR] and, thus, allows for a sensitive test of the degree of mixing [28] .
The overall agreement between the experimental data and QPM calculations on an absolute scale for all observables simultaneously is satisfactory and first corroborates the present interpretation of the PDR on all its major aspects in a quantitative way. Since each observable is sensitive to a different aspect of the wave function of the excited states, this proves the high accuracy in the detailed modelling of the PDR within the QPM.
In conclusion we have reported on first (p, p γ ) experiment to study the PDR in 140 Ce, which extends the investigation of the PDR using multiple complementary probes and observables. The presented data set on the PDR in 140 Ce is probably the most versatile currently available. In addition, QPM calculations have been performed and combined with state-of-the-art reaction models in order to calculate cross sections, B(E1) values as well as branching ratios in order to compare to the experimental data on an absolute level. For this, the corresponding values have been computed for the first time for each excited 1 − state of the QPM. The overall agreement in order of magnitude and excitation-energy dependence for all observables at the same time proves the accurate modelling of the PDR within the QPM and corroborates the major aspects of the PDR. Further experiments have been performed recently to extend the same multi-messenger investigation of the PDR to other nuclei in different mass regions of the nuclear chart. The results of these experiments together with the ongoing development of microscopic nuclear models will provide an even better understanding of the PDR and its underlying structure.
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